The deduced amino acid sequences of the open reading frames (ORFs) mapping in the short unique segment (Us) of Marek's disease virus (MDV) reported in the accompanying paper have been analysed using computer programs to determine their relationships to herpesvirus proteins. Analysis of the catalytic domains of protein kinases showed that the MDV kinase (MDV PK) was closely related to the alphaherpesvirus protein kinase mapping in Us. The results also showed that the MDV PK was more closely related to the cellular kinases that control cell division than to the protooncogenes c-src and c-mos and it was predicted that the MDV PK would phosphorylate serine/threonine. The MDV homologue of herpes simplex virus (HSV) glycoprotein D (gD) contained several residues that were conserved in mammalian herpesviruses. In particular, six cysteines were perfectly aligned in all the gDs and there were numerous conservative substitutions.
Introduction
In the accompanying paper (Ross et al., 1991) we have reported the sequence of six open reading frames (ORFs) mapping to a 5-5 kbp EcoRI fragment within the short unique segment (Us) of Marek's disease virus (MDV) DNA. We showed that four of these ORFs were collinear in herpes simplex virus (HSV) but that MDV appeared to lack homologues of HSV US4 and US5. In this paper we examine the relationship between the deduced amino acid sequences of the MDV ORFs and their homologues in other herpesviruses in greater detail. In particular, we focus on the MDV homologues of protein kinase (HSV US3) and the glycoproteins gD (HSV US6) and gI (HSV US7). In view of the role of phosphorylation in regulating the function of proteins and of the role of protein kinases in cell transformation (Leader & Katan, 1988) , we were interested in determining the relationship between MDV protein kinase (MDV PK) and other kinases including the proto-oncogenes. Of the genes mapping in the Us region of alphaherpesviruses, gD has been shown to be essential for infectivity of HSV (Fuller & Spear, 1987) and to be an effective immunogen against acute and latent HSV infection (Cremer et al., 1985; Blacklaws & Nash, 1990) . Its MDV homologue could have similar properties. Previous studies have shown that gp63, the pseudorabies virus (PRV) homologue of HSV gI, is a non-essential gene which is associated with the virulence of PRV (Lomniczi et al., 1984; Petrovskis et al., 1986a) . We show here that ORF6 of MDV has significant homology to PRV gp63 and to HSV gI. In view of the recent report of McGeoch (1990) that alphaherpesvirus genes mapping in Us may have been generated by a process of gene duplication and independent evolution, we have examined our sequence data for possible relationships not only between the MDV glycoprotein genes and their mammalian herpesvirus counterparts, but have also searched for similarities between the MDV genes themselves. Although we were unable to demonstrate a relationship between MDV ORF4 and other 0000-9949 © 1991 SGM herpesvirus proteins using FASTP (Lipman & Pearson, 1985) in our previous study (Ross et al., 1991) we now report that ORF4 is probably the homologue of HSV-1 gG and that it is also related to MDV gD. We present here an analysis which shows that MDV and mammalian alphaherpesvirus glycoproteins in Us constitute a family of inter-related genes.
Methods
Computer analysis. Multiple alignments and dendrograms were obtained using the CLUSTAL program of Higgins & Sharp (1988) . Hydrophilicity maps and potential N-linked glycosylation sites were derived using the programs PEPTIDESTRUCTURE and PLOT-STRUCTURE of the University of Wisconsin Genetics Computing Group (UWGCG). The scoring system used for estimating the degree of amino acid conservation was that of Lipman & Pearson (1985) using the FASTP program described by Buckmaster et al. (1988) . Percentage amino acid similarity was determined using the GAP program of UWGCG using the following parameters: gap weight, 2.5; gaplen weight, 0.5.
Sequence data
(i) MDVsequence data. The sequence of the 5-5 kbp EcoRI fragment of MDV DNA (RB1B strain) was obtained from the accompanying paper (Ross et al., 1991) .
(ii) Protein kinase sequences. These were derived mainly from the Protein Identification Resource (PIR) database. The abbreviations and references are as follows: VZV (varicella-zoster virus VZV 66 mapping in Us; Davison & Scott, 1986) ; HSV (herpes simplex virus type 1 US3; McGeoch et al., 1985) ; cdc2 (human homologue of yeast ode2 kinase from a human transformed cell line; Lee & Nurse, 1987) 
Results and Discussion
Protein kinase (i) Analysis of deduced amino acid sequence Herpesviruses encode at least two distinct protein kinases. One is located in the Us of alphaherpesviruses and has been shown to be present in virions of HSV-1 and PRV (Zhang et al., 1990) . A second protein kinase has recently been identified in the long unique region (UL) of HSV-1 and VZV which is shared by beta-and gammaherpesviruses Chee et al., 1989) .
A search for amino acid similarities using FASTP showed that ORF3 of MDV Us (Ross et al., 1991) was more closely related to the protein kinase of alphaherpesviruses mapping in Us than to any other sequence in the PIR database. Moreover, the conserved sequences were located within the catalytic domain of protein kinase as defined by Hanks et al. (1988) .
In Fig. 1 , the predicted amino acid sequence of MDV PK has been aligned with the protein kinase sequence of herpesviruses, proto-oncogenes and cellular kinases using the CLUSTAL program (Higgins & Sharp, 1988) . Because of poor homology at the terminal ends which complicated the alignment, the results shown are confined to the catalytic domain defined by Hanks et al. (1988) using his nomenclature to define the subdomains of the catalytic region. Inspection of the alignment shows clearly that the MDV PK is more closely related to HSV-1 and VZV kinases mapping in Us than to the other kinases. Common features between the MDV PK and the alphaherpesvirus protein kinase (HUs PK) mapping in Us are as follows. We note in subdomain I that the MDV PK lacks the consensus sequence GXGXXGXV (where X is variable) thought to be required to bind ATP. In contrast, the HSV-1 kinase mapping in UL (not shown) conforms to the consensus sequence. It was noted that MDV PK and HUs PK shared the sequence PGSEG. Similarly in subdomain II, they have an identical sequence VIVKA which does not conform precisely to the consensus AXKXO (where X is variable and O is hydrophobic). Furthermore, the distance separating subdomains II and III is short in MDV PK and HUs PK compared to other kinases. Other common features are conserved cysteines (residues 170 in subdomain V and 241 in subdomain VII). In subdomains VI Fig. 1 . Alignment of the deduced amino acid sequence of the catalytic domains of nine protein kinase genes using the program CLUSTAL. See Methods for references and abbreviations. Roman numerals denote subdomains of the catalytic region defined by Hanks et al. (1988) . Amino acid residues conserved primarily in all the herpesvirus kinase genes are in bold letters. (*) indicates residues common to all the kinases and (.) shows conservative substitutions. The entire MDV PK sequence is numbered. The sequences of the other kinases are restricted to their catalytic domains and the number of residues from their N termini are indicated. and VII which have been implicated in ATP binding and possibly also in phosphate transfer (Chee et al., 1989) , identical motifs such as ENIF and GDFGAAC were present only in MDV PK and HUs PK. The extensive amino acid conservation noted also in subdomains VIII and IX, notably the motif DIWSAGXVXFE (where X is L or V) and several residues in subdomains X to XI such as IIR and RPSA are further examples of common features which distinguish MDV PK and HUs PK from the other kinases. Only the HSV-1 Us PK contained the sequence APE in subdomain VIII. This subdomain was reported by Hanks et al. (1988) to be highly conserved, particularly among the kinases that phosphorylate tyrosine. The APE sequence has been shown to be essential for phosphorylation by v-src (Bryant & Parsons, 1984) . MDV PK and VZV kinase contained the sequence SPE whereas the HSV and VZV kinases mapping in UL contained the sequence PPE (not shown). It is believed that the residues A, S and P are interchangeable in this region (Chee et al., 1989) . The presence of a threonine residue 5 bp upstream of the APE sequence suggests that MDV PK would phosphorylate serine/threonine and not tyrosine. Similarly, the HUs PKs and cdc2, ribo-S6, yeast and c-mos kinases are also believed to phosphorylate serine/threonine. The presence of a tyrosine residue 14 bp upstream of the APE sequence only in c-src (which is known to be autophosphorylated at that residue) supports the conclusion that MDV PK and HUs PK do not phosphorylate tyrosine.
(ii) Evolutionary relationships Dendrograms were drawn using the program CLUSTAL to illustrate the relationships between MDV PK and the kinases of alpha-, beta-and gammaherpesviruses and vac protein kinase (Fig. 2a) . In Fig. 2 (b) , the relationship between herpesvirus kinases, cellular kinases and proto-oncogenes is shown. The results (Fig. 2a) clearly depict the MDV PK, and HSV and VZV kinases mapping in Us as a cluster of closely related kinases which may have evolved independently of the herpesvirus kinases mapping in UL. Interestingly, the kinases of HSV (UL13) and those of HHV6, HCMV and EBV were divided into three groups in agreement with their classification as alpha-, beta-and gammaherpesviruses respectively. The vac kinase appeared to have evolved independently of the herpesvirus kinases. Inspection of the dendrogram (Fig. 2b) shows that the MDV PK does not appear to share a common evolutionary pathway with the proto-oncogenes c-src (Takeya & Hanafusa, 1983) or c-mos (Watson et al., 1982a) but it is of interest that the kinases mapping in Us of the herpesviruses form a cluster with the cellular kinases cdc2 (Lee & Nurse, 1987) , ribo-S6 kinase (Jones et aL, 1988) and yeast kin (Ohno et al., 1987) some role in controlling cell division (Leader & Katan, 1988; Peter et al., 1990) . The amino acid similarities between the catalytic regions of MDV PK and those of HSV, VZV and PRV kinases using the GAP program (UWGCG) were estimated to be 60, 64 and 63~, respectively. The corresponding overall amino acid similarities were 51, 53 and 50~o, respectively.
At present no conclusions can be reached about the role of MDV PK in the growth cycle of MDV or in oncogenicity. Clearly the MDV PK could be responsible for phosphorylation of MDV proteins, some of which have been reported to be expressed in transformed cells (Nakajima et al., 1987) . Phosphorylation by protein kinases can control enzyme function and stimulate cell division directly or indirectly as a result of activation of kinase by external signals such as phorbol esters (Berry et al., 1990) . C-mos and pim-1 which are associated with oncogenic properties (Watson et al., 1982a; Selten et al., 1986) are threonine-specific kinases as is the MDV PK. So a role for MDV PK in transformation cannot be excluded at present. More work is required to resolve this issue.
gD
The deduced amino acid sequence of ORF5 from the Us region of MDV (Ross et al., 1991) consists of 398 residues and has several features of a glycoprotein sequence homologous to HSV gD (Fig. 3) . Hydrophilicity plots (not shown) identified a hydrophobic sequence close to the N terminus of ORF5 which corresponds to the signal sequence of HSV gD. Using the criteria of Watson (1984) and von Heijne (1986) for predicting the signal sequence cleavage site, we concluded that cleavage probably occurs after the G (residue 25). This is preceded by the hydrophobic residues ILIICLLLG and further upstream by a region containing three charged residues. The cleaved signal peptide is expected to be 25 amino acids long. Interestingly, the signal peptide of HSV gD is also 25 amino acids long (Watson et al., (Fig. 3) although two of these contain cysteine residues and are unlikely to be glycosylation sites. The multiple alignments (Fig. 3) show that a significant number of amino acid residues (positions 60 to 260) in MDV gD are conserved in the gDs of the mammalian alphaherpesviruses. In particular, six of the seven cysteines were perfectly aligned, suggesting similar tertiary structures. In addition, many conservative substitutions were noted which indicated substantial similarities. The overall similarities between MDV gD and the gD counterparts in HSV, PRV and VZV were estimated to be 43.8, 42.9 and 41 ~ respectively using the , 1985) failed to demonstrate any convincing similarity. However, we were able to show significant similarity (FASTP score 100, 48~o identity in a 31 amino acid overlap) between part of MDV gD and a region of HSV-2 gG which had been reported previously to be similar to PRV gX (McGeoch et al., 1987) as shown in Fig. 6(d) It has been shown that gD is essential for infectivity of HSV and that it plays an important role in the initial stages of infection (Fuller & Spear, 1987) . It is an important immunogen against HSV when expressed in a vaccinia virus recombinant (Cremer et al., 1985) or constitutively in cells (Blacklaws et al., 1987) . Recently it has been reported that cells expressing gD constitutively are refractory to infection (Johnson & Spear, 1989) . The MDV homologue that we have sequenced and characterized here has been derived from the RB1B strain of MDV. We expect that it is an important glycoprotein which could be important for immunization against very virulent strains or for blocking infection by these strains. g/ ORF6 from the accompanying paper (Ross et al., 1991) encodes a glycoprotein having significant homology to HSV gI. The sequence available for MDV gI is incomplete; only 252 amino acids are known (Fig. 5) Alignment of the deduced amino acid sequence of MDV gI with the sequence of other herpesvirus gI homologues (Fig. 5) shows many conservative substitutions and the perfect alignment of several cysteine residues. The most conserved regions appear to be located mainly from the middle to the N terminus of the molecule (residues 25 to 160). It is possible that the MDV homologue of gI is non-essential for virus growth in vitro but that it could have a role in virulence as has been reported for PRV (Lomniczi et al., 1984) .
ORF4 (probable homologue of HSV-1 gG)
ORF4 is 147 amino acids long and is located between protein kinase and the gD homologue of MDV (Ross et al., 1991). It has a predicted Mr of 16"8K and contains one potential glycosylation site but has no obvious hydrophobic signal sequence. A search for amino acid sequence similarities between ORF4 and the herpesvirus database did not produce convincing results using FASTP. However by comparing the predicted amino acid sequence of ORF4 with short amino acid sequences derived from the other MDV ORFs and herpesvirus glycoproteins using CLUSTAL, it now seems plausible that MDV ORF4 is related to MDV gD (Fig. 6b) . Thus among the 96 amino acid residues proximal to the N terminus of ORF4, 18 were aligned in MDV gD and there were numerous conservative substitutions (Fig.  6b) . Interestingly, some similarity between MDV ORF4 and HSV-I gG is also apparent upon inspection of the alignment (Fig. 6c) . It is therefore conceivable that ORF4 is the homologue of HSV-1 gG and could have arisen by duplication of some ancestral gene which also gave rise to MDV gD as postulated by McGeoch (1990) in the mammalian herpesviruses.
Evolutionary relationships of the glycoproteins
The patterns of conserved cysteine residues in MDV gD and MDV gI (Fig. 3 and 5 , respectively) are consistent with those reported for their counterparts in the mammalian alphaherpesviruses (McGeoch, 1990) . Our results show further that the MDV sequence spanning the three closely spaced cysteines in gD and gI are similar to each other and to their homologues in the mammalian alphaherpesviruses except for VZV which lacks a homologue of gD ( Fig. 3 and 5 ). An unexpected finding was the observation that sequences proximal to the C terminus of MDV gD were similar to sequences in MDV ORF4 which also had some similarity to HSV-1 gG (Fig.  6) . To examine the evolutionary relationship between the mammalian alphaherpesvirus glycoproteins and their MDV counterparts, a dendrogram was constructed using CLUSTAL (Fig. 7) . The sequences analysed were restricted to the region spanning the three closely spaced cysteine residues of the gDs, gIs, PRV gX and HSV-2 gG. In the case of HSV-1 gG and MDV ORF4 which lacked these cysteine residues, the most conserved regions were selected (ORF4 residues 80 to 145; HSV-1 gG residues 120 to 180; Fig. 6 ). The results revealed three main glycoprotein families denoted A, B and C (Fig. 7) which could have evolved independently from a common origin 'O'. Alternatively they could have arisen from a common root 'R' (note that this has been added manually to the dendrogram). We do not attempt to draw conclusions on the temporal sequence of events here; we refer only to the interrelationships between the families and conclude the following. (i) Clusters A and B evolved independently from a common origin 'O'. (ii) Cluster A consists of a family of gI homologues in which the gIs of HSV-1 and HSV-2 are the most closely related. We deduce further that MDV gI is more related to the PRV and VZV homologues than to HSV-1 and HSV-2 gIs. (iii) Cluster B is the origin of the family of gDs and also the origin of PRV gX and HSV-2 gG. (iv) Within the gD family, it is reassuring to note that the relationship depicted between PRV gD, EHV-1 gD and MDV gD is the same as that obtained using the entire gD sequences for generating the dendrograms (see Fig. 4 ) and that HSV-1 gD and HSV-2 gD are the most closely related. Dendrogram showing evolutionary relationships between conserved regions of MDV glycoproteins and mammalian alphaherpesvirus glycoprotein genes mapping in Us. The sequences used for the analysis encompass about 70 amino acids spanning the closely spaced cysteines as described in the text and in Fig, 6 . In the case of MDV ORF4 and HSV-1 gG which lacked these conserved cysteines, the regions aligned were residues 80 to 145 and 120 to 180 respectively (see Fig. 6 and text). A common root 'R' has been added manually to the dendrogram.
Cluster C contains HSV-I gG and MDV ORF4 which could have arisen' from 'O' or from 'R'. It should be pointed out that HSV-1 gG and HSV-2 gG have some amino acid similarity in other parts of the molecules that were used in this analysis (McGeoch et al., 1987) . Consequently the results presented in Fig. 7 apply only to the relationship in the restricted regions used for the analysis.
In summary, the organization of genes in the part of the Us segment of MDV studied here is more similar to the organization of genes in HSV and PRV than to that in VZV which lacked homologues of HSV US2 and gD. The dendrograms and the multiple alignments have highlighted many similarities in amino acid sequence between an avian herpesvirus and mammalian herpesviruses and have confirmed that MDV is more related to alphaherpesviruses than to gammaherpesviruses. Of the genes common to MDV and all three mammalian herpesviruses, protein kinase was the most conserved as indicated by the overall percentage amino acid similarity between the genes which ranged from 50 to 53~. However, gD was marginally less conserved with percentages ranging from 41 to 44~. It is tempting to speculate that the genes that are conserved among the herpesviruses may have similar functions and that those which are unique could be associated with the distinct biological properties of the members of the herpesvirus group. It should be possible to address this in the future by site-specific mutagenesis of individual MDV genes.
